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Abstract: Simulating the mechanical behaviour of masonry structures by
using numerical analysis is still a complex subject because the process is
hindered by little knowledge of the properties of masonry constituents and the
interface. In particular, the definition of mechanical properties of masonry
components is a key issue when finite element analysis is adopted for the
prediction of the mechanical behaviour of masonry walls under accidental and
exceptional loads. In an attempt to develop a detailed micro-modelling of brick
masonry under compression, where the brick unit, mortar and brick-mortar
interface are defined by their corresponding mechanical properties obtained
through experimental testing, this work presents experimental tests on brick
units, mortar and small masonry cubic specimens. Hence, a detailed micro-
modelling of brick masonry cubic specimen is developed in ABAQUS. The
numerical model is calibrated and validated based on the results obtained from
the experimental tests on masonry cubic specimens. The results show that the
numerical model is able to predict the mechanical behaviour of the masonry
specimen with a 95% accuracy in terms of compressive strength.
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1 Introduction

Throughout the world, masonry has been the most popular building material for
centuries. It is a heterogeneous quasi-brittle material, which is a combination of units
bonded together with mortar, often categorized as homogenous. Brick masonry
comprising solid fired clay brick units and cement-lime-mortar are very popular in the
UK as well as in many other countries. Its spread is most likely connected to the
availability of the base materials at low cost and the ease of fabrication process that do
not require high-skilled workers. Brick masonry's structural response depends on the
mechanical properties of its components (unit and mortar) and the bond properties of the
brick unit-mortar interface. Lourenco (1996) emphasized that brick masonry exhibits
distinct directional properties due to the mortar joints, which act as planes of weakness.
Masonry structures also show complex and non-linear mechanical behaviour. Meanwhile,
the concept of simulating the mechanical behaviour of masonry structures using finite
element analysis (FEA) has drawn much attention recently but the source of input
material parameters such as strength and stiffness for the analysis remains a true
challenge.

Angelillo (2014) explained that there are two approaches for getting materials
properties for FEM of masonry structures. This is either by a simple assumption of
material properties of general masonry or through detailed mechanical description of
specific masonry materials. Both approaches have been used in the numerical analysis of
masonry structures (Lourenco (1996), Lucchesi et al. (1996), Lourenco et al. (2007),
Milani and Lourenco (2013) and Silhavy (2014)). However, it has been demonstrated that
the first approach produces results that are affected by the assumptions made (Angelillo,
et al., 2014). The latter approach can lead to more reliant results that are closer to reality.
Indeed, Lourenco (1996) earlier works had suggested that a proper coordination and
comparison between experimental work and numerical analysis can produce reliable and
useful properties data for detailed numerical models.

Therefore, this paper presents a numerical and experimental characterization of brick
masonry components (solid fired clay brick and cement-lime mortar). The focus is to
obtain accurate mechanical properties of the unit, mortar and the interfacial properties of
the unit-mortar joint that is necessary to produce a detailed micro-modelling of masonry
structures. To achieve this, a complete description of each component was done based on
the experimental results of compression tests on bricks, mortar and the masonry
assemblage (Dauda et al., 2018). For the post-peak behaviour of compressed brick and
mortar, the concrete damage plasticity model in ABAQUS was used to characterise the
nonlinearity of the units and mortar in both tensile and compression regimes. As required,
a close coordination between the experimental work and numerical model was done by
calibrating the model to develop a well fitted numerical model that represents the
complex behaviour of units and mortar working together as masonry. The purpose of this
study is to obtain strength material properties for unit, mortar and interface that will be
used to analyse the out-of-plane response of masonry panels retrofitted with a new
technique. As such, the authors have carefully obtained values experimentally and
numerically using guidelines from existing literature. The obtained parameters were then
calibrated and validated with the experimental data on a masonry cubic specimen.

Subsequent to this introduction section, the experimental characterization of
mechanical properties of masonry components (UK fired clay solid bricks and mortar)
and the compressive strength of a masonry cubic specimen is presented in section 2. In



section 3, the numerical analysis by finite element developed in ABAQUS to predict the
behaviour of the masonry cubic specimen is presented based on the detailed micro-
modelling techniques. The result of the numerical analysis is presented in section 4 and
the conclusion is provided in section 5.

2 Experimental Program

Table 1: Experimental test matrix

Category Properties Relevant code

Dry density BS EN 772-13:2011

Water BS EN 772-21:2011
absorption
Brick -
Unit Load on (a) bedface (b) head Compressive
strength
Modulus of BS EN 772-1:2011
elasticity
Poisson’s
ratio
Dropping BS 4551:2005
Consistency of fresh mortar value
Flow value BS EN 1015-3:1999
Mortar
= r:l =
Compressive ~ BS EN 1015-11
strength
Conventional test
Masonry Compressive  with insight from
Cube strength BS EN 1052-1:1999

In order to characterize the mechanical behaviour of brick masonry, an experimental
program has been developed based on the components and assemblage as follows: (i)
brick unit characterization, (ii) mortar characterization and; (iii) masonry
characterization. To characterize the brick unit (i), experimental tests were carried out to
determine the water absorption, dry density, compressive strength, modulus of elasticity,



and Poisson’s ratio of brick unit. The mortar behaviour (ii) was captured by analysing the
consistency of fresh mortar and the compressive strength of hardened mortar. Each test
was carried out according to the relevant European Norm (EN), as identified in table 1.
Finally, an unconventional test was also carried out to determine the compressive
strength of masonry composite (215 x 215 x 215mm masonry cubic specimen). In the
following subsections each test is described in detail.

2.1 Characterization of brick unit

Six samples of engineering class B fired clay solid brick (UK standard size 215 x
102.5 x 65mm) were selected randomly from a brick package and tested in dry condition.
The dry density (¥4, ) of the bricks was determined according to (BS EN 772-13:2000) to
indicate the general quality and conformity of the brick to manufacturer specification.
The bricks were conditioned to constant mass by drying them in an oven at 100°C
temperature for 48hrs, the dry weight and dimensions of the bricks were then obtained
using weighing balance and measuring ruler respectively. The y4, was calculated starting
from the weight and volume of the bricks. Thereafter, the water absorption (w,) was
determined according to (BS EN 772-21:2011) to determine the durability of the bricks.
For this reason, the bricks were immersed in cold water for 24hrs and the weight of the
saturated bricks was obtained within 2mins after removal from the water. The increase in
mass of the brick gives the water absorption of the bricks.

The compressive strength (f;,) of the six bricks was determined according to (BS EN
772-1:2011). Compressive strength of masonry depends on the compressive strength of
the brick unit and is essential for design and retrofit of masonry. The specimens, after
conditioned to a constant mass, were laid and centred on the platen of a SO00KN capacity
compression-testing machine with 2mm thick plywood placed top and bottom face of the
brick. A uniformly distributed load was applied gradually in equal increments of 4kN/sec
up to failure. The loading and the results were monitored using a data logger connected to
the machine and f;, was calculated from the failure load and loaded area of the brick. To
estimate the strength of the bricks in two orientations, three bricks were loaded on header
and bed face respectively, as shown in figure 1(a).

The modulus of elasticity (E},) was determined using the stress-strain relationship
obtained from the axial compression test. Before, placing the bricks under compression
machine, FLA-5-11 strain gauges were fixed in longitudinal and along lateral direction
on each brick (Fig. la) to record the strain values under axial compression. E;, was
calculated by considering values between 30% and 60% of the maximum stress,
according to Oliveira et al. (2012) and Vasconcelos and Lourengo (2009). Also,
Poisson’s ratio () was calculated by plotting the lateral strains against longitudinal
strains of each brick. Best line of fit was then plotted to determine the relation between
the lateral and longitudinal strain. Ej, and p, were only determined for bricks loaded in
bed face because the masonry cubic specimens tested in section 2.3 were constructed
with brick laid in bed face.

2.2 Characterization of mortar

Type N (general purpose) mortar mix with ratio of 1:1:6 (cement: lime: sand) was
prepared. The amount of water to be added to mix proportion is not mentioned in
standards, hence the water content that gives a working consistency was found by trial
and error using the dropping ball test described in BS 4551:2005. The target dropping
value of 10 +/- 0.5mm was achieved after three trials with a w/c ratio of 1.8. Thereafter,



the consistency of the fresh mortar was determined by flow test using BS EN 1015-
3:1999.

Three samples of a 100 x 100 x 100mm cube were prepared and cured for 28days
and tested under compression testing machine to determine the compressive strength of
the mortar (f,,) (Fig. 1b). The specimens were carefully aligned under the machine with
the centre of the ball-seated platen, so that a uniform seating is obtained, and a uniformly
distributed load was applied gradually in equal increments continuously at 1kN/sec up to
failure. f,,, was calculated from the failure load and loaded area of mortar.

2.3 Characterization of masonry cubic specimen

The purpose of this test is to understand how bricks and mortar work together. It is
an unconventional test developed according to previous tests carried out by Arash (2012).
Six masonry cubic specimens (MC) of 215 x 215 x 215mm were prepared using masonry
units from the same stock as the ones tested earlier and a 10mm thick mortar joint
described above. The MC specimens were constructed using English bond consisting of
alternate rows of headers and stretchers which is the oldest form of brick bond popular
until the late 17th century (Anon, 2009). The MCs were prepared in the laboratory and
horizontal level surface is ensured by using a bubble level during construction. After the
construction, each sample was wrapped with polythene sheet for 14days and thereafter
open and cured further for 14days in the laboratory to allow the samples to achieve its
standard strength. An attempt to measure the deformation of the MC was made by
attaching four LVDTs to the MC before testing (Fig. 1c¢). The specimens were carefully
aligned with the centre of the ball-seated platen, under compression testing machine with
2mm thick plywood placed top and bottom under compression testing machine. A
uniformly distributed load was applied gradually in equal increments continuously at
4kN/sec rate up to failure.

2.4 Experimental results and analysis

Table 2: Mechanical properties of brick units
Values
Property Experiment Manufacturer Requirement

shall not be less than 2079kg/m’ i.e
Yau (kg/m?) 2200 2310 90% of specified density (BS EN
772-13:2000)

shall not be more than manufacturer

W (%) 3.9 <7 limit (BS EN 772-21:2011)
shall be not less than the declared
fp N/mm?) 87.9 75 compressive strength (BS EN 772-
1:2011)
E, (N/mm?) 32470 < 34000 between 3500 and 34000
up [\] 0.26 0.3-0.5 range for clay masonry unit

The average value of the observed mechanical properties obtained from the
experiments conducted on the brick units were presented in figure 2. The obtained brick
properties were compared to the values declared by manufacturer except for Ey, and pp



that were compared with values reported in Oliveira et al. (2012), Vasconcelos and
Lourengo (2009) and Italian Code for Constructions (DM 14.1.2008) (Table 2). For the
compressive strength, BR1, BR2 and BR3 were considered because the bricks were
loaded in bed face. The strains plot for BRS is too scatter and the line of fit does not seem
best, hence the result was discarded and puy, was calculated using results for BR4 and BR6.
Generally, the results indicate that bricks are of good quality and conform to
specification, making it acceptable for the proposed experiment.

For the fresh mortar, the mix ratio of 1:1:6 with w/c ratio of 1.8 gives the dropping
value of 10.2mm and the corresponding mean flow value is 167mm. The consistency of
mortar is good as this agrees with the ideal flow value (150-175mm) for mortar joints, as
derived from Haach et al. (2007). The hardened mortars have an average strength (f,,,) of
7.1N/mm? (Fig. 3).

Furthermore, the average compressive strength of the masonry cubic specimen
obtained from experiments is 46.4N/mm?. The 5% fractile value of compressive strength
of the cubic specimen was found to be 41.4N/mm? according to the provision of section
10.2 of BS EN 1052-1:1999. Meanwhile, BS EN 1996-1-1:2005 described that
compressive strength of masonry can be calculated using the properties of the units and
mortar according to equation 1. The calculated value of 22.5N/mm? is 45% lower than
what was gotten experimentally. This seems acceptable because the calculated value is
characteristic and is a lower bound of many tests.

fe =KX f,* X f,f (1)

where;
fx : is characteristic compressive strength of masonry;
fp : is compressive strength of masonry unit, in the direction of the applied action
fm: 1s compressive strength of the mortar
K: is a constant, function of the type of masonry units and mortar (0.55 in this case)
a and B : are constants, for general purpose mortar =0.7 and =0.3

Clearly, the strength obtained for the bricks and mortar shows that the brick is a
strong unit while the mortar is a weak joint, which makes the combination a strong unit-
weak mortar joint connection, a typical characteristic of old masonry structures.

2.5 Masonry specimen failure mode

The observation of the images after the test shows that the failure modes are
brittle. A view through the casement and video recorded during the tests indicate that the
failure of the units (Fig. 4a) starts with a vertical crack along the height of the bricks
causing a high tensile stress in the bricks which make them to fails ultimately.

The failure was characterized by vertical splitting cracks appearing firstly in the
central unit and extending to other units as the stress increases. This observation is
similar to what was reported by Vasconcelos and Lourengo (2009) and Mohamad and
Chen (2016). This failure pattern is due to presence of the vertical joints and possibly also
the lateral expansion of the mortar inducing high tensile strength in the bricks. As can be
seen from figure 4b, the MC split on the faces caused the attached LVDTS on the surface
to fall off which make recording the deformation difficult because the compression
machine does not have an inbuilt LVDT.



3 Numerical Analysis

Computational numerical analyses are basic skills employed by engineers as a useful
complement or alternative to experimental tests. They are capable of predicting the
behaviour of structures to applied load. Numerical analyses are based on different
theories such as finite element model (FEM), discrete/distinct element methods (DEM) or
particle flow code (PFC), among others (Lourenco (1996), Asteris et al. (2015), and
Zhang et al. (2016)). FEM-based models are the most widely used due to the availability
of a large number of analysis software that operates based on this theory. Therefore, the
numerical modelling strategy employed in this study is based on FEM.

Anthoine (1992), CUR (1994), Lourenco (1996), and Maccarini et al. (2018) among
many other researchers who have previously worked on FE modelling of masonry
structures agree that numerical modelling and analysis of masonry structures posed some
of the greatest challenges to structural engineers. The main difficulty has been attributed
to the presence of mortar joints, which act as planes of weakness, discontinuity and
nonlinearity. Most importantly the existence of uncertainties in the material and
geometrical properties is also another concern when modelling masonry structures
(Lourenco (1996), Asteris et al. (2015), and Dogariu (2015)). In spite of these challenges,
three modelling techniques (Fig. 5) have evolved.

[1] Detailed micro-modelling: Masonry is modelled as a three-phase material. The
masonry units and mortar in the joints are represented by continuum elements
while the unit-mortar interface is represented by discontinuous elements (Fig.
5a).

[2] Simplified micro-modelling: In this strategy, the bricks are represented as
fictitious expanded bricks by continuum elements. The mortar joint is modelled
as an interface with zero thickness (Fig. 5b).

[3] Macro-modelling: Masonry is modelled as one phase material by smearing out
masonry units, mortar and unit—mortar interface in a homogeneous continuum
(Fig. 5¢).

The choice of the method to adopt depends on the level of information available,
accuracy and simplicity desired (Lourenco, 1996). The detailed micro-modelling
technique produces the most accurate results, although it is computationally intensive due
to the detailed level of refinement. Therefore, this study adopts the detailed micro-
modelling technique to perform a numeric simulation of the masonry specimen. The
calibration and validation of the FE model were done using the experimental results and
observed failure modes.

3.1 Description of FE model

The masonry cubic model was created using three-dimensional solid (or
continuum) elements in ABAQUS. In particular, hexahedral 8-node linear brick, reduced
integration, hourglass control (C3D8R) which has an improved convergence and
accuracy was selected to generate the mesh that represents the brick unit and mortar joint.
The size of the unit is 215 x 102.5 x 65mm and the thickness of mortar joint is 10mm.
The brick unit and mortar joint (bed and perpendicular) were defined using their
respective own mechanical properties. The nonlinear behaviour of brick unit and mortar



both in compression and tension regime have been accounted for in the FEs model using
the constitutive model (concrete damage plasticity (CDP)). The brick-mortar bond failure
behaviours have also been considered using the nonlinear cohesive interfaces. In
addition, the contact penalty approach was enforced for the interaction between the brick
and mortar interface. For the boundary condition, the nodes at the top of the cubes were
restrained in x and z direction while the bottom nodes were restrained in all three
directions (x, y, and z) to replicate the friction in test condition of the specimen. The
Static General step in ABAQUS standard/explicit was selected for the analysis. Figure 6
shows the general assemblage of the masonry specimen, FE mesh and the boundary
condition.

3.2 Properties of brick unit and mortar

Obtaining exhaustive experimental data appropriate for detailed micro-
modelling of masonry structures has sometimes proved tedious. Compression tests are the
easiest and most reliable test on materials, particularly when the post-peak regime is
captured. Compression tests allow to fully characterize the material behaviour in form of
a stress-strain curve, which is a requirement to accurately perform nonlinear finite
element.

The concrete damage plasticity (CDP) constitutive model available in ABAQUS
and Guo (2014) was used to simulate the tensile and compressive non-linear behaviour of
unit and mortar. The CDP model assumes a non-associated potential plastic flow, which
is an adoption of Drucker-Prager hyperbolic function for flow potential. The failure
modes recognised by CDP models are cracking in tension and crushing in compression.

For the brick unit, the tensile and compressive plastic-damage nonlinear
properties were calculated from the typical stress-strain response of brittle material under
uniaxial loading. Figure 7 shows the behaviour in compression regime. The curve has
three different regions derived from Sinha et al. (1964), Guo (2014), and Santos et.al
(2017). The compressive strength (f; ;) and modulus of elasticity (E) of the brick units
obtained experimentally were used in these equations. Haven obtained f,, the stress-
strain relationship in compression regime are assumed to be consistent with the
compressive fracture energy (Gy ), which is equal to the area under the curve in figure
7a. For the present study, an average ductility index in compression (d, . = 0.33mm)
which is the ratio between the compressive fracture energy and the compressive strength
is used to obtain the approximate fracture energy (Angelillo et al., 2014). So, once the
compressive strength of the brick unit (f,;) and the peak strain obtained directly from
the experiment has been fixed, then the brittleness parameter is chosen to ensure that the
area under the curve is equalled to (G¢ ). Correspondingly, figure 8 shows the behaviour
of the brick unit in tensile region. The ductility index in tension (d,, = 0.018mm)
which is a ratio between the fracture energy (G ) and the tensile strength (f; ;) was used
to obtain the fracture energy (Pluijm (1992), Lourenco (1996, 2002) and Angelillo et al.
(2014)).

Similarly, for mortar an average ductility index in compression (d,, . = 1.6mm)
is used to obtain the approximate compression fracture energy. Consistently, using the
available information provided by Pluijm (1992), Lourenco (1996, 2002) and Angelillo et
al. (2014), the ductility index in tension (d, , = 0.065mm) was used to obtain the tensile
fracture energy. In order to plot the strain-strain relationship to simulate the behaviour of



the mortar, the procedures highlighted in BS EN 1992-1-2:2004, Wang and Hsu (2001)
and Guo (2014) were followed. The only available direct measurement from the tests is
the mortar compressive strength (f ;). Other quantities such as longitudinal modulus of
elasticity (E.,,) of the mortar and shortening strain were calculated using the equations.
2-6.

Referring to figure 9 for damage plasticity of mortar under uniaxial
compression, the compressive stress was calculated as follows and the plot of data
obtained was compared to the standard chart given in BS EN 1992-1-2:2004.

0 = fem(kn —n*)/(1 + (k — 2)n) )
k = 1'05Ec,m * (gcl/fc,m) (3)
77 = gc/gcl (4)
E m=22% (ﬁ:,,.,l/lo)o'3 in GPa (®)]
&1 =07 (fc,m)o'31 (6)

Referring to figure 10 for damage plasticity of mortar under uniaxial tension, the
tensile strength of the mortar was not determined experimentally but equation 7 stated in
(BS EN 1992-1-2:2004) was used to calculate this. To simulate the tensile behaviour of
mortar, equations 8 and 9 were used. The tensile stress of mortar can be linearly reduced
to zero, starting from the moment of reaching the tensile strength, this was done and the
resulting stress-strain curve was compared to the description in ABAQUS and BS EN
1992-1-2:2004) as shown in figure 9.

frm = 03* (fom)*? (7)
Ut = Ec,m * gt lf St S Scr (8)
Ut = fc,m * (Scr/‘gt)&4 lf St > Scr (9)

3.3 General parameter for CDP of brick and mortar

Apart from the above-presented damage plasticity data, other parameters are
needed for application of CDP for quasi-brittle materials in ABAQUS. These parameters
are defined as follows:

e Dilation angle (¥): this parameter is essential because it controls the amount of
plastic volumetric strain developed during plastic shearing and is assumed
constant during plastic yielding. The value of y=30° corresponds to clay’s angle
of internal friction was adopted in this study (Lubliner, et. al, 1989)

e  Eccentricity parameter (e): this value ranges from 0-0.1 from theory of Drucker-
Prager. A value of e = 0 means the yield surface in the meridian planes is straight
line while e = 0.1 means the yield surface takes a shape in form of a hyperbola.
For this study, an intermediate eccentricity (e = 0.05) was assumed.

e Bi and unidirectional compressive strength ratio (fy,/f:o): this is the ratio
between the bidirectional compressive strength of masonry and unidirectional
compressive strength of masonry. In this study, the default value equal to 1.16
was used in ABAQUS.



3.4

Stress ratio in tensile meridian (k): this is the ratio of the second stress invariant
on the tensile meridian and it basically implemented for viscoplastic
regularisation of constitutive equation in ABAQUS. This study used 0.67 default
value in ABAQUS.

Viscosity parameter: the main function of this parameter is to facilitate the

numerical analysis convergence process in ABAQUS without affecting the result.
Based on a preliminary study, a low value of 107 is chosen in this study.

Properties of brick-mortar interface

In the present case, the response of the assemblage is controlled mostly by the mortar
tensile strength and fracture energy, which mainly depends on the interaction of the unit-
mortar interface. In this model, the interaction between the brick units and mortar is
defined in the interaction module of ABAQUS. Surface-to-surface contact was
implemented in the model using the three contact behaviours, which are explained below:

Normal behaviour: hard contact behaviour normal to the surfaces is selected. The
purpose is to prevent interpenetration of surfaces, and also to allow a separation
between them once a contact has been established.

Tangential behaviour: When surfaces are in contact, they usually transmit shear
and normal forces across their interface (Fig. 11). Thus, the analysis needs to take
frictional forces, which resist the relative sliding of the surfaces, into account.
Here, Coulomb friction was used to describe the interaction of contacting
surfaces. This model characterizes the frictional behaviour between the surfaces
using a coefficient of friction (u). The penalty friction formulation used is P =
0.75.

Cohesive behaviour: Mohamad and Chen (2016) examined different researches
conducted on defining the cohesive interaction performance for quasi-brittle
materials. Mohamad and Chen (2016) recognized that the traction-separation
method is the most adopted and it is highly compatible with ABAQUS. Zheng et
al. (2016) state that traction separation law involves three criteria: linear elastic
behaviour (Eqn. 10), a damage initiation criterion and a damage evolution law.
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To estimate this linear elastic behaviour, which is stiffness interface expressed in
the matrix in equation 22, a high penalty stiffness was adopted (D’Altri et al.,
2018) to remove any penetration between elements. The default penalty stiffness
was used. This contact leads to stiffness degradation, in which it is only
necessary to specify the interface mode I fracture energy (GfI). The value
specified in this model (f; = 0.36 N/mm? and sz = 0.012 N/mm) was
derived from the tensile behaviour of the interface (purple line) in figure 12,
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which shows a good agreement with experimental results obtained in Pluijm,
1992 (Lourenco, 1996).

3.5 Calibration of the numerical model

The numerical model was calibrated in the following four steps: (i) first,
reference material elastic properties were estimated based on the results of the
compression tests; (ii) the Poisson’s ratio properties and coefficient of friction were
further adjusted based on the comparison of the numerical results with those obtained in
the experiments; (iii) the CDP nonlinear material properties were adjusted based on the
comparison of the stress-displacement envelope obtained with the one given in ABAQUS
using the ductility index and fracture energy data founds in Pluijm (1992), Lourenco
(1996), Angelillo (2014), and Silva et.al (2018); (iv) lastly, the influence of the mesh
density i.e approximate global size of mesh was investigated (Fig. 13). The loading and
boundary conditions were kept the same throughout the mesh global seeds size variation.

4 Results and discussion

Table 6 shows the result from the mesh sensitivity study. The analysis revealed that
using a coarse mesh size (MS) of >= 15 causes difficulty in obtaining convergence. The
results were not acceptable, due to a large error and no convergence upon coarse mesh
refinement. The results obtained from fine mesh sizes (2.5, 5, 7.5 and 10 mm) converge
well. The maximum stress obtained does not change significantly with a coefficient of
variation (cov) of 1.6% and are in agreement with the experimental results. Since
ABAQUS only allocates memory as needed during analysis, an increase in memory
allocation was needed for computations when using smaller mesh sizes. For instances,
when the mesh size was reduced from 10 to 5 mm, the memory allocation was increased
from 9.7GB to 15.9GB (64% increment). This implies that too dense mesh requires a
large amount of computer memory and long run times especially for a nonlinear analysis
of this type. Therefore, the most suitable mesh size considering balance between
accuracy, time and resources is MS10. The computational time with this mesh size is
approximately 211secs with 98% accuracy to that of Smm size mesh, which requires
738secs when using a computer equipped with a processor intel ® core ™ i5-6400
CPU@ 2.70 GHz and 16 GB RAM.

Table 4: Mesh convergence results

Mesh size (mm) Numerical Experimental Time (secs) YError
2.5 49.47 46.40 3435.00 6.61
5.0 48.91 46.40 1834.00 4.98
7.5 48.26 46.40 1043.00 4.01
10.0 47.75 46.40 211.00 291

15.0 42.81 46.40 143.00 -1.74




The influence of the mesh density was further investigated by comparing the stress vs
strain plot for each mesh size as shown in figure 14. Except for the case of MSI15,
decreasing the mesh size further produces only minor increases in peak stress and strain.
For all the mesh sizes, the stress-strain curve has a good match up to 28 N/mm? (60% of
the maximum stress obtained experimentally). This is the region where the model is in
linear behaviour. However, for the non-linear region, the mesh sizes still produce
comparable curves that predict the experimental value with the exception of MS15, for
which a strength equal to 42.8 N/mm? is obtained , which is lower than what was
obtained in the experiment. Therefore, a mesh size lower than 15 is recommended. As
such, MS10 was used in this study in order to save resources while still maintain the
accuracy of the model.

Figures 15 show the stresses contour and the damage contour plots obtained
numerically for the masonry cubic specimen. The principal stress is compared to the
average compressive strength of the specimens obtained experimentally. The maximum
stress obtained from the numerical model is 48.7 N/mm?. This value is only 5% different
from the average compressive strength of masonry obtained from the experiment (46.4
N/mm?).

Significantly, the failure mode observed in the model output (Fig.15) is similar to
what was observed experimentally with the maximum compressive stress occurring at the
bottom edges of the cubic model. The stress diagrams also show that there is compressive
stress in the bed joint and tensile stress in the perpendicular mortar joint. This tensile
stress in perpendicular joint leads to lateral expansion of mortar joint, which then induce
high tensile stresses in the brick units. Figure 15¢ shows a cut along y-plane of the cubic
model to reveal the tensile stress distribution in the model. This figure shows areas of the
cubic specimen where cracks are most likely to develop. The maximum principal stresses
are an indication where cracks are likely to appear and the areas showing highest values
(colours tending towards red at edges of the model) can be associated to the development
of cracks. In figure 15c¢, the areas with coral and red colour represent the region that split
off during the experiment upon full crack formation as the load increases. The splitting
off of these parts then leads to an hourglass shape specimen after the failure (Fig. 15d).
Figure 15d can then be liken to the inner region of the obtained stress diagram shown in
figure 15c. Despite the modelling limitation that prevents the part that split off during the
test to break off from the model output, the portions of higher concentration of the stress
are well consistent with the portion that split off in the experiment (Fig. 15¢ vs Fig.15d).

Moreover, to validate the agreement in the experimental failure with the numerical
failure pattern, the damage pattern obtained by the developed numerical model is
represented in term of compressive damage (DAMAGEC) and tensile damage
(DAMAGET) contour plot (Fig. 15e & 15f). By comparing the numerical damage with
the observed failure pattern, tensile damage and thus cracking of the brick unit is clearly
visible in the central part of the cubic model (Fig. 15f). In particular, the tensile stress in
the perpendicular mortar joint in the middle course identified in the experiment is clearly
represented in the numerical output. Also, compressive damage plot (Fig. 15¢) shows that
the bed joints failed in compression. These observations are in good agreement with the
ones observed in the experimental failure patterns.



In order to describe the full behaviour of the model under continuous increase of load,
stress-strain plot from static riks step (arc-length control) is shown in figure 16. The
figure shows that the deformation (strain) increases as the stress increases until the peak
stress is reached. After the peak stress is reached, softening i.e a gradual decrease of
strength under a continuous increase in deformation is experienced. This is an ideal
stress-strain diagrams for a quasi-brittle material such as masonry cubic specimen under
uniaxial compression. The stress-strain performances (Fig. 16) show a first linear branch
up to a stress of about 33 N/mm? and strain of 0,006. The stress at this point compares
with (31 N/mm?), the average stress obtained experimentally when the bricks start to split
off) shows only 6% variation. To this effect, the stress-strain curve (Fig.16) can be
divided into two stages viz linear elastic branch (uncracked stage) and parabolic inelastic
branch (crack formation stage). To each crack formation was associated an increased
strain till the reach of the peak load that causes the cubic specimen to fail by splitting.
The peak stress and strain obtained numerically are 49 N/mm? and 0.0018 respectively.

5 Conclusions

This paper presents a numerical study and experimental tests to characterize masonry
components (engineering class B fire clay solid brick units and mortar). The masonry unit
and mortar characterised in this paper are currently being used to develop a new retrofit
technique. An experimental work on brick units, mortar and an unconventional test on
masonry cubic specimen has been carried out to study the behaviour of the specimens
under compression loading.

Thereafter, a detailed micro model of the masonry cubic specimen was developed and
analysed in ABAQUS. Based on the results of the compression tests on the brick units
and mortar, nonlinear behaviour of masonry unit and mortar both in compression and
tension regime have been estimated and accounted for in the developed FEs model using
the constitutive damage plasticity model. Properties of the interfacial behaviour of the
brick unit-mortar interface were also included in the model. The calibration and
validation of the FE model were done using the experimental results and observed failure
modes.

The following conclusions were drawn:

* The proposed masonry units and mortar mix ratio are suitable for the proposed
experimental study because the combination of the two is similar to what is expected in
old masonry units (strong unit-weak mortar joint). Hence, the material source remains
unchanged throughout the ongoing experimental work.

* The developed FEs model of masonry cube was able to predict the behaviour and
failure of masonry cube. The result gives a difference of 5% between numerical value
and experimental value. This indicates that the model is able to predict the compressive
strength of the masonry cubic specimen. However, the behaviour in the post peak regime
has not been validated since more experimental data would be needed to substantiate this.
Therefore, a more complete experimental analysis of the materials in the post peak
regime is recommended.
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Figures
Figure 1: Characterization of (a) masonry unit (b) mortar and (c) masonry cubic specimen

Load applied on bedface

Lateral

Longitudinal |
Strain gouge

Strain gauge

a)

Flow table test for fresh mortar

b)

= |VDTs
] Both side

B
215 248

MC4, 5 & 6
Compression test on masonry cubic specimen

¢



Figure 2: Mechanical properties of brick unit; (a) density (b) water absorption (c) compressive strength (d)
modulus of elasticity and (e) Poisson’s ratio
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Figure 3: Mechanical properties of mortar; (a) consistency flow value (b) compressive strength of hardened

mortar
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Figure 4: Failure modes of (a) brick units (b) masonry cubic specimen
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Figure 5: Masonry modelling techniques (a) real masonry sample (b) detailed micro-modelling (c) simplified

micro model and (d) macro modelling
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Figure 6: a) Micro modelling of masonry cubic specimen, with (b) front elevation, (c) mortar joint, (d) side

elevation, and (e) FE mesh, boundary condition and surface interaction
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Figure 7: Masonry unit behaviour under uniaxial compression (a) numerical model (b) typical response in
ABAQUS (Simulia, 2014).
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Figure 8: Masonry unit behaviour under uniaxial tension (a) numerical model (b) typical response in
ABAQUS (Simulia, 2014).
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Figure 9: Mortar behaviour under uniaxial compression (a) numerical model (b) typical response in BS EN
1992-1-2:2004.
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Figure 10: Mortar behaviour under uniaxial tension (a) numerical model (b) typical response in BS EN 1992-1-
2:2004.
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Figure 11: Friction behaviour (Simulia, 2014)
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Figure 12: Tensile behaviour of present model vs. experimental results from Pluijm (1992)
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Figure 13: Mesh seed global size control (Simulia, 2014)
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Figure 14: Influence of mesh density on the numerical model
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Figure 16: Stress-strain curve of masonry cubic model
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